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ABSTRACT

Various transition methods are used here to study the viscous effects encoun-
tered in low density, hypersonic flight, through the transition from free molecular
to continuum flow. Methods utilizing Viking Data, Shuttle orbiter data, a Potter
number parameter and a Shock Reynolds number were implemented in the Program to
Optimize Simulated Trajectories (POST). Simulations of the Aeroassist Flight
Experiment (AFE) using open loop guidance were used to assess the aerodynamic
performance of the vehicle. A bank angle was found for each transition method that
would result in a 200 nautical-mile apogee.

Once this was done, the open loop guidance was replaced by the proposed guidance
algorithm for the AFE. Simulations were again conducted using that guidance and the
different transitions for comparison. For the gains used, the guidance system showed
some sensitivity in apogee altitude to the transition method assumed, but the
guidance was able to successfully complete the mission.

ABBREVIATIONS
AFE Aeroassist Flight Experiment
AOTV Aercassisted Orbital Transfer Vehicle
SRM Solid—Propellént Rocket Motor
LEO Low Earth Orbit | ' .
POST Program to Optimize Simulated Trajectories
Cp Coefficient of Drag
CL Coefficient of Lift
Btu British thermal units
NM Nautical Miles
ft Feet
ft/s Feet per second
Alpha Angle of attack
Inc Inclination angle

Gamma Flight path angle
Alta Apogee altitude
Veli Inertial Velocity

Altito Oblate Altitude



Heatrt Heat rate

Bnkang Bank angle

INTRODUCTION

The development of an orbiting Space Station has generated a need for a space-
based, reusable vehicle, capable of transferring large payloads from a high energy
orbit to a Low Earth Orbit (LEC). Although this type of maneuver can be done propul-
sively through a Hohmann transfer, the amount of propellant required limits the pay-
load capacity. Another method is an aercassisted maneuver which utilizes the aerody-
namics of the vehicle by dipping into the Earth's upper atmosphere and expending
energy through drag and heat. [1 Once the vehicle exits, a comparatively smaller
change in velocity is needed to circularize the orbit at apogee, thus providing
significant propellant savings. Remaining in the atmosphere too long, however, will
result in extreme heat rates, and excessive energy loss which will prevent the
vehicle from escaping.

Because the success of the mission depends heavily on the energy loss induced by
the atmospheric pass, the aerodynamic performance of the vehicle is important. From
previous missions it can be seen that in low density, hypersonic flight, vehicles
experience a large decrease in performance due to viscous effects encountered in the
transition from free molecular to continuum flow.[2 Rarefied, hypersonic flow
causes: (1) a large increase of friction effects; (2) a moderate increase of some
pressures; (3) wall and shock slip; and (4) a thickening and merging of the shock and
boundary layers. Current research facilities are unable fo simulate the conditions
encountered in this type of situation, and the existing data are insufficient for
further AOTV design studies. The Aerocassist Flight Experiment (AFE) is an effort to
obtain further data that will aid in the verification of the computational codes
needed to design the AOTV's.

The AFE will be deployed by the Shuttle orbiter in LEO and will fire its Solid-
propellant Rocket Motors (SRM) in order to give it the wvelocity necessary to simulate
an AOTV return from geosynchronous orbit. After passing through:the atmosphere and
expending enough energy to achieve the required target apogee, the vehicle will con-
tinue to apogee where it will circularize to rendezvous with the Shuttle (Figures 1
and 2). In order to predict realistically the trajectory of the mission for instru-
ment calibration purposes and quidance development, the viscous effects encountered
in the transition regime must be taken into account. Because no agreement exists
on a fundamental parameter to correlate accurately the effects on aerodynamic
performance, only the continuum values have been used previously. Four existin
methods are studied and discusiiq in this paper: (1) Y%Eing data correlation;[

(2) Lockheed bridging formula; (3) a Potter number; and (4) the Shock Reynolds
number transition. (6] Because none of the methods have been verified in a direct
flight application, the gquidance algorithm used in the gquidance system of the AFE
must be universal enough to be able to handle a reasonable amount of error.

Modifications were made in the three degree-of-freedom version of the Program to
Optimize Simulated Trajectories (POST) to include two subroutines: (1) one with four
viscous calculation options (Appendix A); and (2) one with the current proposed
guidance algorithm for the AFE. In order to rate the aerodynamic performance of the
AFE, open loop guidance versions of the program were run with the four different



aerodynamic transition models, and with the standard continuum values to be used for
comparison. Closed loop guidance versions using the proposed algorithm were also run
in order to test its ability to handle the _ different bridging models and still
reasonably meet the targeted conditions. The same initial conditions and event
criteria were used for all the runs and are shown on Figures 1 and 2.

)
TRANSITION FROM FREE MOLECULAR TO CONTINUUM FLOW

The first opportunity to study the effects of low density hypersonic flight on a
vehicle entering the atmosphere arose with the entry of the Mars probe, the Viking
lander, into the Martian atmosphere. Using flight measurements from pressure
instruments, accelerometers, and a mass spectrometer, the previously unknown values
of the drag coefficient between the free molecular and continuum values were
defined. (3] Using these data, Jim Jones of the Langley Research Center established
an equation which calculates values for the drag coefficient in the transition regime
as a function of a parameter called VBAR. VBAR is the Mach number divided by the
square root of the free stream Reynolds.number.

Another method was derived using the Shuttle Aerodynamic Design Data Book. The
Lockheed Bridging Formula that comes from these data requires only two endpoints,
which are the free molecular and continuum values for the drag coefficient. This
formula is modeled after the relatively high pressure drag component of hot cylin-
ders. The rarefaction effects of the transition hypersonic flow are accounted for
using a fundamental parameter called the Knudsen number. This parameter is equal to
the free stream mean free path divided by the characteristic length of the vehicle,
which is the diameter in this case. This bridging formula is unique to the design of
the vehicle, and is based solely on empirical data. In the studies done in this
paper the coefficient of lift is also varied using the Lockheed Bridging Formula.[4]

The third method to be discussed in this paper was formulated by Leith Potter of
Vanderbilt University, who is an expert in low density fluid dynamics. The parameter
used here, Potter rnumber, is a Reynolds number corrected for the enthalpy of the
flow. An argument proposed by Potter is that lifting flight through different types
of flow involves changes in angles of attack and even changes in the shape of the
vehicle. To account for these effects, he includes an SSTAR in his Potter number
calculation which is the cross sectional area divided by the wetted area of the
vehicle raised to the one half power. Sometimes there is a problem with calculating
the wetted area when the lines of separation are hard to determine. A variety of
drag coefficient data obtained from spheres, blunt nosed cones, lifting bodies and
the Shuttle orbiter closely correlate with the Potter number. [5

The fourth transition method involves a correlating parameter called the Shock
Reynolds number (Rez)' The Shock Reynolds number is defined as

where p, 1is the free stream density, V, is the free stream velocity, D 1is a

reference length, and Uy is the viscosity behind the shock. [6]  For Re2 < 104 and
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Mach number > 14, 1lift, drag, and moment coefficients tend to correlate with Ry

for blunt bodies. A representation of C, and Ci variations with Re2 betweén
free molecular flow and continuum flow has been developed and these transition equa-
tions have been included in this investigation.

All four transit}on methods resemble an exponential curve fit between the free
molecular and continuum hypersonic flight drag coefficients. Figure 3 shows the dif-
ference between the two drag coefficient values versus angle of attack, and Figure 4
compares the transition methods used to bridge the gap. Figure 5 shows the gap be-
tween the two lift coefficient values versus angle of attack, and Fiqure 6 compares
the coefficient of 1lift variation used in the Lockheed Bridging and Ry methods
with the constant value used in the Viking and Potter versions. It should be.noted
that the aerodynamics of the vehicle were cut off once the vehicle reached 400,000
feet, which is considered toc be the edge of the atmosphere.

OPEN LOOP AERODYNAMIC SIMULATIONS

Before a quidance algorithm could be implemented into the program it was neces-
sary to determine the vehicle's performance capabilities. Comparative trajectories
using the four available transition lift and drag coefficients, along with the con-
tinuum lift and drag coefficient were examined using POST. A target apogee of 200
nautical miles, and a heat rate not exceeding 180 Btu/ft“-sec was required for the
mission to be considered successful. It should be noted that the heating rates shown
here do not include corrections for viscous effects like those included for the
aerodynamic coefficients. Therefore, this is not a valid evaluation of the actual
heating rates. The vehicle was kept at a constant angle of attack of 17 degrees, and
the program continued to alter the bank angles until the mission objectives were
met. The bank angle which worked for the standard version was then used in the other
three versions in order to determine the sensitivity of the maneuver. The results of
these runs can be studied in Table I. It can be seen that a change of less than
0.1 degrees in the bank angle can result in an error of almost 8 nautical miles in
the projected apogee. This can also be interpreted as a very small change required
to put the AFE back on course in case something unforeseen arises. Overall the AFE
has the aerodynamic capability necessary to make this mission a success. What is
needed is a guidance algorithm which can use these performance capabilities to their
best advantage.

CLOSED LOOP GUIDANCE SIMULATIONS

The guidance algorithm implemented in POST was developed to meet the demands for
an aerobraking trajectory guidance technique that was uncomplicated, easily inte-
grated and adaptable to a range of vehicle aerodynamic configurations. Included in
the requirements was the ability to handle dispersions in entry conditions, atmo-
spheric conditions, and aerodynamic characteristics. This algorithm uses the bank
angle to control the lift vector so the vehicle will retain only the magnitude of en-
ergy needed at the exit point in order to achieve the target apogee.

Roll reversals are used to control the inclination at the exit point. No
orbital plane change is wanted in this case, so the vehicle must bank left and
right. The roll rate is limited to a maximum of 15 degrees per second in all the
cases presented here, and the reaction control system is not activated so the angle



of attack stays constant. Other than the the differences described above the same
conditions were used here as in the open loop runse.

During the initial use of the guidance routine, some unsteady behavior in the
bank angle was observed. Discussion with the authors of reference 5 indicated that
this unsteady behavior had been reduced by changing the method of maintaining the
desired inclination angle. This new guidance algorithm was used in this study.

The guidance version was run for all four transition cases, and again it must be
noted that no viscous corrections were included for the heat rate calculation. The
results are shown in tabular form in Table II and on plots in Figures 7-16. In all
four cases the mission objectives were achieved with an error of less than .01 )
degrees in the inclination, but the apogee attained varied by as much as 8 nautical
miles. Errors of up to 20 nautical miles in apogee can be compensated for so these
errors were not excessive. The change in velocity required at apogee to circularize
the orbit does not exceed the budget allocation. The heat rate, minimum altitude,
and maximum acceleration all fell within the acceptable design limits of the vehicle.
The bank angles commanded by the quidance are shown as Figures 17 through 21 for the
five transition methods. As can be seen the character of the command is affected by
the transition assumed. :

CONCLUSIONS

Plots of the transition values for the draqg coefficient were similar and seem to
bridge the gap reasonably.

The CD using the Potter number transition never reaches the continuum value,
emphasizing the effects included in the SSTAR parameter.

The trajectory parameters did not vary greatly regardless of which transition
method was used in the simulation and the guidance algorithm essentially handled the
mission in each case. However, the transition method assumed changed the character
of the commanded bank angle and the apogee altitude showed some sensitivity to the
transition method. ‘
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Table I. Transition Method Comparison with Aerodynamic Model

Tr;:igzson ¢ for a AV to Max Heat Max Minimum Inclination Projected
Used fo 200 NM |Circularize Rate Accel Altitude Angle Alta Using
se | alta | at Apogee |Btu/ft2-sec}(g's) 400,000 ft.|$=97.367 (NM)
Cy, and CD
Continuum
CL and CD 97,367 334.079 155,794 2.598| 249 065 32,246 200.000
Viking .
Data CD 97.420 334.733 155.758 2.598| 245 423 32.242 191.527
Lockheed '
Bridging 97.416 334.536 155.785 2.568| 245 419 32,238 192.090
CD and CL
Potter
Number CD 98,427 337.418 154.347 2.609] 245 749 32,125 85,753
Shock
Reynolds
Number 98,107 338.300 154.734 2.573| 245 628 32.161 86.430
CL and CD
Table II. Transition Method Comparison with Guidance Model
Transition AV to Max Heat Max Inclinati
Method . . X ' Minimum ¢ on Apogee
Used for Circularize Rate Accel Altitude Angle Achieved
at Apogee Btu/ftz-sec {g's) | 400,000 ft.| °° €
CL and CD
Continuum
.CL and Cj 322,80 148.448 2.274 | 251 812 28.50 198.0
Viking
Data CD 318.20 148.378 2,272 | 251 829 28,50 - 195.0
Lockheed E :
Bridging 320.10 148,407 2,273 | 248 010 28.50 195.9
CD and CL
Potter
Number Cp 320.4 146.433 2,264 ] 248 670 28.49 192.1
Shock
Reynolds
Number 315.4 154.8 2.58 245 583 28.50 189.2
CL and CD
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Figure 2. AFE trajectory profile.

11




*yoe33R JO orhue snsivA JUSTOTFIS00 DeAP UNMNUTIUOD pue Ie[nosTou 8313 €

oEA’v

1033 Y4 014 ST o1 S

WNANILNOO

SEIODATION HH /

12



3.9 ‘ : !
_§ i H ; ' —_——
i ! ! ;
. I .
; ! i %
| | | ;
_1- i } H
{ | ! ;
; i :
n |
~ l i ’
2.5 ! ,
= i_ ‘; 1
i i H i .
1 ] : H
=i ! !
i’; t : '
=4 :
I i
i l b
i
i
2.0 :

__ POTTER

—— VIKING

! LOCKHEED

344

1
{ STANDARD
i H 1
1.8 T T 7 T T ] T T ,
. S35

TIME, SEC

448

]

Figure 4. Comparison of‘drag coefficient from several transition methods versus
time and at 17° angle of attack.

13



*joe3je jo arbue

ot

sNSI9A JUSTOTFFO0O 3IITT UNMNUTIUOD pue

14

o3’
(1} ST 01

Jenoaou ¥WVII °*°G aanbta

| oum 14

WOONILNOD

AVINOITON F3ud

14



[

@.d !
n :
] - SHOCK
— REYNOLDS
-3 1 - : :
< - LOCKHEED
i}
=4
1 |
B ,
- |
‘a . 3 d_.,—" ; i
Lo
- _.-r"d J/"
i B __,,-“" ¥ :
! Y e e I ! { :
B L e D | L | sTaNDARD
: ‘ = : =] VIKING
I | ! . . | POTTER
-8.4 e R 0 D A SO S R B R T T T T T
: : :

@ 183 208 382

TIME, SEC

wlu
(x5
[\ow}
[9]]

]
]

Figure 6. Lockheed, Shock Reynolds, and continuum lift coefficient versus time.

15



ot
U
9]
|
e
]
LI
L
(A%}
s

y!

T
Y
i
i
1
;
1
1
'

Q——‘ 4.848 — qu‘
UVELT —— | B 168 2449 344 405

T e

Figure 7. VTitheﬂhiré‘tories of inertial ve'loéi;ty, altitude, and heat rate for runs
with standard CL and Cb and guidance active.

16



B.2a— 2.8 1.4 g 5
3 | !
, - — - ;
i ! !
2|
a.4— 1.8— 1.2 .i
82—  1.6— 1.8
! | |
c 4 ¢ -| ALTITO, - i § .i
L D NM., ! )
o . SRIREEEEIEIE LI LI S fmmwm e e (i S
-8.4— "~ 1.4— . 9.8 ;
| N S A . SRS NS
n B o | A
i v ! ‘
-8.6 1.2 d.6 :
| I
-8.8— 1.8—  2.4—F —
" o
— - - ‘*"-\._‘_ _‘__—"'_Fd_-—’_ l
-1.8— 4.3 — 8.2 T T I R R I I ;:;;é!f;,i
ALTITO a @@ 20d 308 423 S84
cp - TIME, SEC
CL -- - 7
Figure 8. Time histories of drag ‘coefficient, lift coefficient, and altitude
for runs with standard lift coefficient and drag coefficient and quidance
active.

17



x1p°

(56— 3.2

HEATRT, 170, |
BTU _| ALTITO,

2
FT SEC
188

__.J

8.2 —
VELI

o8}
¥}

3.4

VELI,
FT/SEC

o
(v,

2.6

2.4

T — 1
| — i i
H o i H
1 b i :
i B H K
; !
. i
i
— vl {
1 S
i P |
: Yo ¢
j iy | ;
Y
i iy i !
i 5 ; i
L ! i
! h ' ;
i By : H
{ i ;
H HIEA H N
; i i :
i H . H
- ; . .
5 : : i
: o : ;
i P ‘f ? :
; P ! : =
: e : : :
¢ I i . .
| O | : ? ‘
) ) | i :
; i ! ! ;
- '\ ] : ;
Y i
" :.. H
A i H .
4 , ! i
. i ;
i b i 3 :
™ ¥ Y T
: K ‘ H :
A i ; i
- : ' :
i 3 R .
Voo i . :
2o ! ! ;
— - H ! :
3 “-‘1 : H .
i : H ;
o N~ i : i
oy - | : :
- H H :
k T . i
e—, i H -
ol i K
' - B —————— e —— 1
N i [ e |
’ i =T {
~ 1 - ' a - i
e . " H
Y - - .-«f i
——t - i
. : cerT ] i
S el U e {
[ =l i H
i - i
r H - -~ i
I ! 7 T ! T T T :
i

104

TIME, SEC

Figufe 9. Time hisféries of velocity, altitude, and heat rate for runs with

viking lift coefficient and drag coefficient and guidance active.

18



5

-3.

-4
i

ALTITO ——

0
tn

[q0)
M

.54

a8

Ch

Figure 10. Time histories of drag coefficient, 1ift coefficient, and altitude

R I

E“L',l
g%
|

!
o] .
1

1.2

p—tic
s

B.2

Y 1] T
s ! f
i i
i { '
- i !
| ;
! ] ;
; i
: :
; {
b :
i i
— ;
§ :
i i - -
b i i
: ] :
i i !
i i
......... Je e 2 e 2 2 e e mim o= ma = = -
— ¢ T T S
: ' ! i !
[ : H :
: | i : :
‘ i 1 i i
i H H :
g t + -
: i i . ;
‘ i ‘ ! i
M ; § i :
| % | i ‘:
— ) i ) i H
; i { | !
3 H . H
v { ; ; !
; i i !
1 H S
\‘-.‘ l, ! _JE_.—" :
. i T ;
v, Y ¥R { H
-, i B H
KA SRS SOUPIPRIPIP S, R ! :
- T, { H .
- ! i B
e et i ; ;
H i .
R R . :
i s | :
{ 1 : DAL folr s
@ 164 244 344 AW L4

TIME, SEC

for runs with Viking drag coefficient and gquidance active.

19

il



U
e}

VELI

ALTITH

i

(vp}

4 ¥]

Lo ]

Lo

8.8

ALTITO,
NM.

8.4

8.2 —

Lig===~-=

HEATRT- - - -

L
)

wy
%]

VELI,
FT/SEC

2.4

2.6

J
P~

1 — T
§— i ;
¢ : {
i 1 3
H : . i
b 5 H
} . : i
— Lo 1
H vt :
£ Voo i
B Lo
! 3
; j
t +
H i
i HS
i i
i i
i
~d .
i ;
; : z .
T T *
| i : :
: z ,
i 3 : : '
N P ) ; H
i 3 { i :
- ! | !
i K i i
: i 4
. . i H
i ) H .
i i : ;
! L { i §
B T i T |
H H : i
i i : :
*, H i ‘
— -, N ‘
L : |
Y . 3 H i
H . H N N
i = e, B . B
~ : i B
; e S ‘ .
'y 3 ~ <
' i St Es— ]
-, - ' - |
t - i
r i |
Ji- | i
ot -5 ;
- 13 i)
- - :
- ——b -« E. :
. CIIRE A h
-5 -

i
184
TIME, SEC

—

Figure 11.> Time histories ofwééiééitfjfaltitude, and heat rate for runs with

Lockheed lift coefficient and drag coefficient and guidance active.

20



x1g°

1.2 77 ]
- - 4; '
| |
8.8 2.8 1.8 g 5
| N |
-8.1— 1.8 4.8 i e
C c | AnTITo, |
L R D NM. % ': y
i 1: ,’ .1‘,
i ; :
-8.2 — i.6— B.6 ; ! i
‘F‘ |
— — - 1
H
‘\l
[ B -
-@.3 1.4 4.4 S S L
‘\:i'-.’;{ R A T SRR - -__"_qb:o:'.‘_ﬂ-'——- ]
- — — 4 ' -.\\- _b_.-——_'_ﬂ-_‘_ R - ‘
B I R S S - ) f
-8.4 — 1.2— B.2 T T T T T LA S i T T
2pa 388 434 S
ALTITO—— @ 14a
' D © TIME, SEC
CL -

Pigure 12. Time histories of drag coefficient, lift coefficient, and altitude
for runs with Lockheed drag coefficient and lift coefficient and
guidance active.

Wi

21



258 1.

299

154 —

HEATRT,
BTU

FT SEC

58 —

188 —

SO R

— 1.9

~ Figure 13.

VELI,
FT/SEC

2.4

T T T
PR j 7
! — ; ;
i : .
i :
; ! ;
i i
i i
= . i
1 i i :
{ :
‘ 3 i :
: a |
Y i
1 B
i :
}

H : !
i : H
+ ) i :
: 1 ! i
. : .
— P :
i A : :
! N { ;
: i
§ i~ :
-+ - + " :
i ] i :
: ' :
3 :
%, P H
— ™, H :
i H 4 :
’ v : :
' E . -
i - : -t
’ o J
LS - .
. : _em i
- H :
Wt :
- . i :
A= - H
—-— - 4 H
: - i
N i
- !
e - :
r R R R i
........
T :
i 1 i i i f i
i :
i
5473

144

TIME, SEC

2ha

" Time hiéﬁofiéémdf veldcity, éltitdde, and heat rate for runs with

Potter lift coefficient and drag coefficient and quidance active.

22



4.

48]
wn
|

-1.88 —

p]
o
¥

J

(gl
l
wn

FU
[y
&%

I

1.85—

ALTITO ——

Co
LL

X132

Prdie
T

8.4

8.2

T T T T T
: H : H .
H . i 3
i B + :
i i ! i
i i i ;
i i ; :
- : i
i i i H
} : i !
! i : :
i i :
H ;
i 13
i ;
i ;
: i
H P B )
i
i i iy .
i ! i :
i H ;
i i i -
i H
7, | I fm o e e = e e . i,
it { |
! i
i !
{ i ie
L N
i i :
; :
i i :
i
| ;
— \
i i
! i : ;
Y i e :
! ! o
v + T i
Y 1 { e s
=, i ) —T
" . B
o < . i
e, T =’ H
SN — {
hus - = - H
e Y e B iy
Tm—l — |
S |
| !
! i
! ;
! :
— T T
RN T 1 ; i ;
T —c
264 a8 27 54
R d Ad

TIME,

SEC

Figure 14. Time histories of drag coefficient, lift coefficient, and altitude

for runs with Potter drag coefficient and gquidance active.

23

i



HEATRT
BTU

! 2
| FT SEC

VELI
AL

159 —

r

——

5
|
138 —

i
i

—

i
§

58 —

PR S

a—

X189

oo
gl

A

[
[y}

x1ad

e}
S

(W8]
[q¥]

tJ
(wp]

fa
v

TITG-----

HERTRT- - - -

Figure 15.

Tiﬁe hiéfofies
Shock Reynolds

H ! H H
——— ! H
h - i '
i i :
\ H H
H : i
i : :
— ! ! ;
’ ! : :
; i
i L ; i
i LA } i
; B : H
: “§ t i
i { d
v 13 i ;
. ; Y
: o
: o
—_ [
. 3 :
; 1
: i }
\ i
! i i
: n H :
¢
| i
a |
1 H
¢ :
¢ { i
i :
i i
|
t H
H :
i B
— Y, }
- i H
K S~ ! H
. : .
H ; :
3 = :
k : - ——
- - H
. B i
Ay -
l.-\ -
o -
- H
- !
- .- T - T
'
4 e T -
T T
i i i i ! ! i
4 !

2id
SEC

384
TIME,

of velocity, altitude, and heat rate for runs with
1lift coefficient and drag coefficient and guidance

24

active.



4.1 3.5 1.2
- = . | :
|
| ! ! i
i " ‘x :-
g.8—  3.4— 1.8 ;
: | z ; z
! : f ; ;
,
i ] ! :
-4.1—  2.5— 7.8 }
: J i ! ;
1 H H
c c | aLrrTo, ! % |
b £
! i
!

i

H

H i

i i {

: i :

{ ; )

H i i

i i i

’ i :
: 1

{

i

-aT
IR

v

s - !
-

——T

-8.4 — 1.8— 8.2 7T

ALTITO— a
£ —----

T

Li - -

TIME, SEC

i .
184 24

(S

Figure 16. Time histories of drag coefficient, lift coefficient, and altitude
for runs with Shock Reynolds lift coefficient and drag coefficient

guidance active.

b

25

o
[0 N SR

i



2B

aug

389

R i SRR

— e I
... »
.,
.

’ ..Lwl.v. v
e s o s e e
IO e o
el

=

- 288

SEC

TIME,
Bank angle time history for no transition.

Figure 17 .

26



ot}

Heot)
(8]

Lo
s

o

I R R A

ot

1.1

"

a4

4

SEC

TIME,

Bank angle time history for Vviking transition.

Figure 18,

27



povin

5
€

i

i
o

‘
i .
: I H v‘
. . R 4
X -, &
: i B
j ; ! ; , i
—— i } H : B N
B H y i i
: : ; : v
‘ ! i T
: H i 1 PR )
: H 5 K PN i
-_ H H i [ & # N
: i i L R :
f H ] , Py A ¢
: Jif ; 4 !
¢ ; : :
{ i : i T N
: i :
it i
— i
H '{ :
: i H
—_ i i :
— < :
‘ H i
v i B l
; ) / i
: it H
H . B }
; P i i
- I i 1
i i i
i # |
f i
‘ e
i
: i

Figure 19,

Bank angle

fu
05
oy
Ll
E’g S O
[nnd

TIME, SEC

time history for Lockheed

28

La
ew)
LIy
(s
55

transition.



s b
e

o

S

e

S D -
e P
e L
S it S
p— -
5, B
X
.,
B
i ] 0

o~

BNKANG,
DEG.

168

3808

284

184

SEC

TIME,

Bank angle time histdry for Potter transition.

hFigurebéo.



S A —
e e e T .
B LT PRSR. i) - S — r
,H T o

el -

g
—
—

499

380

T

-2i4

T T T

fac]

=

e
|

184

SEC

TIME,

Bank angle time history for Shock Reynolds transition.

Figure 21.

30



Moo A Report Documentation Page

1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.

NASA TM-100546

4. Title and Subtitle 5. Report Date
January 1988
Effect of Transition Aerodynamics on Aeroassist

: 5 i - - . — <
Flight Experiment Trajectories 6. Performing Organization Code

7. Author(s} 8. Performing Organization Report No.

Elizabeth A, Minier and William T. Suit

10. Work Unit No.
506-46-21-01

9. Performing Organization Name and Address

11. Contract or Grant No.
NASA Langley Research Center
Hampton, VA 23665-5225

13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address Technical Memorandum
National Aeronautics and Space Administration

Washington, DC 20546-0001 14. Sponsoring Agency Code

15. Supplementary Notes

16. Abstract

Various transition methods are used here to study the viscous effects encoun-
tered in low density, hypersonic flight, through the transition from free molecular
to continuum flow. Methods utilizing Viking Data, Shuttle orbitor data, a Potter
number parameter, and a Shock Reynolds number were implemented in the Program to
Optimize Simulated Trajectories (POST). Simulations of the Aerocassist Flight
Experiment (AFE) using open loop guidance were used to assess the aerodynamic
performance of the vehicle. A bank angle was found for each transition method that
would result in a 200 nautical-mile apogee.

Once this was done, the open loop guidance was replaced by the proposed
guidance algorithm for the AFE. Simulations were again conducted using that
guidance and the different transitions for comparison. For the gains used, the
guidance system showed some sensitivity in apogee altitude to the transition method
assumed, but the guidance was able to successfully complete the mission.

17. Key Words (Suggested by Author(s)) 18. Distribution Statement

Spacecraft Guidance Unclassified - Unlimited
Aeroassist

Spacecraft Maneuvers Subject Category 18
AFE Flight Project B

19. Security Classif. {(of this report) 20. Security Classif. (of this page) 21. No. of pages 22. Price
Unclassified Unclassified - 31 A03

ot “FOR SALE BY THE NATION ANICAL INFORMATION SERVICE
NASA FORM 1626 OCT 8 LERBN o e NATIRNAL, TECHRTSGR ) '



